Chitosan is a natural, cationic polysaccharide derived from fully or partially deacetylated chitin. Chitosan is capable of inducing large phospholipid aggregates, closely resembling the function of nonionic polymers tested previously as additives to therapeutic lung surfactants. The effects of chitosan on improving the surface activity of a dilute lung surfactant preparation, bovine lipid extract surfactant (BLES), and on resisting albumin-induced inactivation were studied using a constrained sessile drop (CSD) method. Also studied in parallel were the effects of polyethylene glycol (PEG, 10 kD) and hyaluronan (HA, 1240 kD). Both adsorption and dynamic cycling studies showed that chitosan is able to significantly enhance the surface activity of 0.5 mg/mL BLES and to resist albumin-induced inactivation at an extremely low concentration of 0.05 mg/mL, 1000 times smaller than the usual concentration of PEG and 20 times smaller than HA. Optical microscopy found that chitosan induced large surfactant aggregates even in the presence of albumin. Cytotoxicity tests confirmed that chitosan has no deleterious effect on the viability of lung epithelial cells. The experimental results suggest that chitosan may be a more effective polymeric additive to lung surfactant than the other polymers tested so far. (1) suggested the use of low-cost, water-soluble nonionic polymers, such as dextran, PEG, and polyvinylpyrrolidone (PVP), as additives to therapeutic lung surfactants. Both in vitro (1-6) and in vivo (7-9) trials have shown that these nonionic polymers can significantly improve the surface activity of different therapeutic lung surfactants and effectively reverse inactivation due to a variety of inhibitory substances.
A iming at decreasing the cost of surfactant replacement therapy and improving its efficacy in treating ARDS, Taeusch et al. (1) suggested the use of low-cost, water-soluble nonionic polymers, such as dextran, PEG, and polyvinylpyrrolidone (PVP), as additives to therapeutic lung surfactants. Both in vitro (1) (2) (3) (4) (5) (6) and in vivo (7) (8) (9) trials have shown that these nonionic polymers can significantly improve the surface activity of different therapeutic lung surfactants and effectively reverse inactivation due to a variety of inhibitory substances.
More recently, Lu et al. (10, 11) reported the use of an anionic polymer, HA, as a surfactant additive. Both in vitro (10) and in vivo (11) tests showed that the addition of HA at different molecular weights to various therapeutic lung surfactants can effectively reverse serum-and meconium-induced inactivation. These studies, therefore, tentatively proved the feasibility of using an ionic polymer as a lung surfactant additive. Following these studies, we investigate here the use of a cationic polymer, chitosan, as a potential lung surfactant additive.
Chitosan is a natural polysaccharide composed of linear ␤-(1¡4)-linked 2-amino-2-deoxy-␤-D-glucan combined with glycosidic linkages (12) . It is derived from fully or partially deacetylated chitin, which is extracted from crustacean shells. Chitosan is also a polyelectrolyte with a positively charged backbone and is readily soluble in slightly acidic conditions (12) . Chitosan was proven to be biodegradable, biocompatible, bioadhesive, and nontoxic in a range of toxicity tests (13) . Because of these desirable properties, it has been extensively used in a variety of food, cosmetic, and pharmaceutical fields. Specifically, chitosan has been extensively used in drug delivery (13) , including pulmonary drug delivery (12) .
Chan and co-workers (14 -17) have recently reported that chitosan can be used as a potent membrane perturbant to destabilize dipalmitoyl phosphatidylcholine (DPPC) bilayers and cause fusion of small DPPC vesicles to form large multilamellar structures. This function of chitosan closely resembles the effect of nonionic polymers in improving surface activity of therapeutic lung surfactants by inducing large surfactant aggregates (5, 6) and hence leads us to consider its potential use as a lung surfactant additive. In this study, the effects of chitosan on surface activity of a dilute therapeutic lung surfactant, BLES (BLES Biochemicals Inc, London, ON, Canada), and on the resistance to albumin-induced inactivation are investigated using a CSD method (18) . To further characterize the performance of chitosan, the effects of PEG (10 kD), which is the most effective nonionic polymer tested so far (1, 5) , and, HA (1240 kD), i.e. the most effective HA molecular weight (10, 11) , are also studied under the same conditions and compared with the effects of chitosan.
METHODS

Materials.
BLES is a therapeutic lung surfactant and is commercially available. It is prepared by organic extraction from bronchopulmonary bovine lung lavage. BLES contains approximately 98% phospholipids and 2% proteins by weight. The main tensioactive component in BLES is DPPC, accounting for approx. 45%. The only protein components in BLES are low molecular weight hydrophobic proteins, SP-B and SP-C. High molecular weight hydrophilic proteins, SP-A and SP-D, have been removed during the extraction with organic solvents. BLES was stored frozen with an initial concentration of 27 mg/mL. It was diluted to 0.5 mg/mL by a salt solution of 0.6% NaCl and 1.5 mM CaCl 2 on the day of experiments. The pH of the diluted BLES preparation was measured to be 5.6 (18) .
Chitosan (Cat. No. 448869, M r 612 kD (19) , degree of deacetylation 75-85%) was purchased from Aldrich Chemical (Milwaukee, WI). A concentrated chitosan solution was prepared by dissolving 100 mg chitosan in 9 mL 0.05 M hydrochloric acid with overnight stirring at room temperature. After complete dissolution, the solution had a pH of 5. The chitosan solution was then diluted to final concentrations of 0.01, 0.05, and 0.1 mg/mL and mixed with 0.5 mg/mL BLES suspension, respectively. This range of chitosan concentrations was chosen because of previous studies in which chitosan effectively induced fusion of DPPC vesicles (14 -17) . The pH of the resultant mixtures of BLES and chitosan was measured to be 5. (1,6 -9) was used. A series of HA concentrations ranging from 0.1 to 2.5 mg/mL were tested. An albumin concentration of 2.5 mg/mL was used. This concentration is far less than the average albumin concentration in ARDS alveolar fluid, i.e. 25 mg/mL reported by Ishizaka et al. (20) . However, previous in vitro studies have shown that at such a concentration albumin was sufficient to inactivate a dilute lung surfactant preparation, such as the 0.5 mg/mL BLES used here (2, 4) .
Measurements of surface activity. Surface activity of different preparations was examined using a novel experimental arrangement, CSD, recently developed in the authors' laboratory (18) . Detailed experimental protocol has been described before (18, 21) . Briefly, to ensure a clean air-water interface before adsorption, formation of a sessile drop was completed within 0.5 s, precisely controlled by a programmable motor-controller (18705/6, Oriel Instruments, Stratford, CT). Subsequently, the droplet was left undisturbed to allow adsorption of a lung surfactant film. Complete film formation was indicated by decreasing and maintaining surface tension at an equilibrium value of approximately 25 mJ/m 2 (22) . Dynamic cycling was commenced immediately after film formation. It was facilitated by periodically adding and withdrawing test liquid into and out of the droplet by means of a motor-driven syringe at a frequency of 20 cycles per min. Three different CR, defined as the ratio of the total area reduction upon compression to the initial surface area before compression, were tested, i.e. 15, 20, and 30%, corresponding to the physiologically relevant range (23) .
A CCD camera (Model 4815-5000, Cohu Corp., Poway, CA) was used to acquire images throughout the experiments but at different acquisition rates, i.e. 10 images per second for adsorption and 30 for dynamic cycling. Surface tension, area, and volume of the droplet were determined by ADSA, in which the experimental drop profile was fitted to a series of theoretical profiles given by the classical Laplace equation of capillarity until the best match was found (24) .
Optical microscopy. The morphology change of surfactant aggregates in aqueous suspensions due to the addition of albumin and/or chitosan was checked using an optical microscope (Olympus IMT-2, Lake Success, NY). Images of different surfactant preparations under the microscope were taken by a high-resolution digital camera (Sony XCD-SX900, Toronto, ON, Canada).
Viscosity measurements. Viscosity of polymer solutions was measured using a falling ball viscometer (GV-2200, Gilmont Instruments, Barrington, IL), which was calibrated by distilled water at a temperature of 37 Ϯ 0.2°C.
Cytotoxicity studies. The viability of human-derived tracheal/bronchial epithelial cell tissues (MaTtek EpiAirway, Ashland, MA) was evaluated using the MTT test (25) . The tissues were immersed for 6 h in surfactant preparations (cilia exposed to air). Then, the tissues were dipped into a tetrazolium salt (MTT) solution. MTT is converted to insoluble purple formazan by living cells. Formazan was extracted with isopropanol and the absorbance (570 nm) of this solution was measured using an Ocean Optics HR2000 spectrophotometer (Ocean Optics, Inc., Dunedin, FL). The viability is the fraction of the absorbance of the sample divided by the absorbance of the tissue dipped in phosphate-buffered solution.
Statistical analysis. Data are expressed as mean Ϯ SEM (n Ͼ 3 unless otherwise indicated). Group differences were analyzed by one-way ANOVA with the Bonferroni, Scheffé, and Tukey post hoc tests. A p Ͻ 0.05 was considered statistically significant. Figure 1 shows the adsorption curves of different BLES preparations with and without the addition of albumin and/or different polymers. Note that: 1) the 0.5 mg/mL BLES reaches surface tension equilibrium after about 150 s, in good agreement with previously published results (5,21).
RESULTS
Adsorption.
2) The presence of 2.5 mg/mL albumin significantly increases the adsorption time. A surface tension plateau at 54 Ϯ 1 mJ/m 2 is reached soon after the onset of adsorption. This plateau corresponds to the equilibrium surface tension of albumin (2, 26) and indicates rapid monopolization of the air-water interface by albumin due to a competitive adsorption mechanism (2,26 -28) . After approximately 300 s, the surface tension starts to slowly decrease again and eventually reaches the equilibrium value of a predominantly phospholipid film after approximately 1800 s. This second surface tension decrease from the equilibrium value of albumin to that of phospholipids indicates the replacement of albumin at the air-water interface by the lung surfactant.
3) The addition of water-soluble polymers, i.e. PEG (50 mg/mL), HA (1.0 mg/mL), and chitosan (0.05 mg/mL), significantly decreases the adsorption time even in the presence of albumin. The adsorption curves of BLES with the addition of polymers (curves c-h) coincide and show similarly rapid adsorption. An equilibrium surface tension of 24 mJ/m 2 is reached within 20 s, in good agreement with PEG results published previously (5) . Nevertheless, it should be noted that chitosan, at a concentration 1000 times smaller than PEG and 20 times smaller than HA, improves the adsorption of BLES to the same extent as PEG and HA.
The effect of HA at a series of concentrations on the adsorption of 0.5 mg/mL BLES ϩ 2.5 mg/mL albumin was tested. It was found that in the range of 0.1 to 1.5 mg/mL, HA effectively improves adsorption (adsorption time Ͻ20 s). However, when its concentration is increased to 2.5 mg/mL, it no longer reverses albumin-induced inactivation effectively (adsorption time 300 s). Therefore, 0.1-1.5 mg/mL may represent an optimal range of HA concentration to reverse the inactivation of 2.5 mg/mL albumin in a 0.5 mg/mL BLES preparation.
In addition to 0.05 mg/mL, chitosan at 0.01 and 0.1 mg/mL was also tested. At all three concentrations, the addition of chitosan decreases the adsorption time to Ͻ20 s in spite of the presence of albumin. No significant difference in the effectiveness of decreasing adsorption time is found between these concentrations or when using PEG at 50 mg/mL and HA in the range of 0.1-1.5 mg/mL.
Dynamic cycling. Figure 2 shows ␥ min of BLES in the absence of albumin, with and without the addition of polymers. It is noted that at a high CR (30%), all the substances (with the exception of 0.01 mg/mL chitosan) produce a similar low ␥ min as BLES alone. However, at low (15%) and moderate (20%) CR, the addition of either PEG, HA, or chitosan significantly decreases the ␥ min of BLES. The effect of chitosan on decreasing the ␥ min is clearly concentration dependent. At 0.01 mg/mL, chitosan does not significantly change the ␥ min at 20% CR; however, at 0.05 and 0.1 mg/mL, chitosan significantly decreases the ␥ min at both 15 and 20% CR. Compared with PEG at 50 mg/mL and HA at 1.0 mg/mL, chitosan at these two concentrations shows significantly more improvement in surface tension decrease. Figure 3 shows ␥ min of BLES in the presence of 2.5 mg/mL albumin, with and without the addition of polymers. ␥ min of BLES alone is replotted from Figure 2 as a control. Note that: 1) Albumin significantly inactivates the dilute BLES, i.e. it increases the ␥ min at all CR.
2) The addition of either PEG or chitosan counteracts the inhibitory effect of albumin, i.e. it decreases the ␥ min to values even lower than BLES alone at 15 and 20% CR.
3) The effect of chitosan on resisting inactivation is concentration dependant. Here, due to the unsatisfactory performance in the absence of albumin (Fig. 2) , the concentration of 0.01 mg/mL was not tested. At both 0.05 and 0.1 mg/mL, chitosan effectively resists inactivation. Especially at 0.1 mg/mL, chitosan decreases ␥ min at all CR to values lower than those for PEG as additive as well as for BLES alone.
Surprisingly, HA at none of the tested concentrations in the range of 0.1-2.5 mg/mL can restore the dynamic surface activity of BLES, although it helps to improve adsorption. When decreasing the albumin concentration to 1.0 mg/mL, however, 1.0 mg/mL HA is capable of reversing inactivation, as shown in Figure 4 .
Morphology change. Figure 5 shows the optical microscope images of 0.5 mg/mL BLES with/without albumin and/or chitosan. It is noted that BLES alone shows a clear unilaminar structure of single vesicles or small aggregates of vesicles. Addition of 2.5 mg/mL albumin changes the original morphology of BLES to structures of rather smaller aggregates with features of higher curvature. Addition of 0.05 mg/mL chitosan to either BLES or the mixture of BLES and albumin causes formation of significantly larger aggregates with a multilaminar structure. 
DISCUSSION
The presence of albumin inactivates the dilute BLES preparation, i.e. it not only increases the adsorption time by more than 10-fold but also significantly raises the minimum surface tension at all tested CR. Adding polymers (i.e. PEG, HA, or chitosan) significantly increases the surface activity of dilute lung surfactant preparations and resists the albumin-induced inactivation. Among the tested polymers, the improvement in the surface activity of 0.5 mg/mL BLES is found to be in the order of 0.1 mg/mL chitosan Ͼ 0.05 mg/mL chitosan Ͼ 50 mg/mL PEG Ͼ 1.0 mg/mL HA Ͼ 0.01 mg/mL chitosan. The addition of 1.0 mg/mL HA improves adsorption in the presence of 2.5 mg/mL albumin and restores dynamic surface activity in the presence of 1.0 mg/mL albumin, but not at 2.5 mg/mL albumin. The addition of 0.01 mg/mL chitosan only improves adsorption but presents very limited beneficial effects on dynamic surface activity. At both 0.05 and 0.1 mg/mL, chitosan significantly enhances surface activity and resistance to inactivation due to 2.5 mg/mL albumin more effectively than PEG and HA. It is notable that chitosan is able to decrease ␥ min to a lower level than PEG at the same CR. It also shows these beneficial effects at a concentration 1000 times smaller than the standard concentration of PEG (10 kD), i.e. 50 mg/mL, defined in previous studies (1,6 -9) . Therefore, chitosan appears to be the most effective lung surfactant additive tested so far with BLES.
A direct consequence of decreasing the polymer concentration is a significant decrease in solution viscosity, which is a general concern in drug delivery. A 0.05 mg/mL solution of chitosan at 37°C has a viscosity of 0.77 cP (n ϭ 3), close to that of distilled water (i.e. 0.70 cP). This viscosity is less than half of that of 50 mg/mL PEG [i.e. 1.65 cP (n ϭ 3)]. Low polymer concentrations would also help to minimize the osmotic stress in vivo, which minimizes the possibility of polymer-induced imbalance in lung water, i.e. it is a desirable effect in the treatment of ARDS (28, 29) . The cytotoxicity tests support this hypothesis. Specifically, the viability of cells exposed to 0.5 mg/mL BLES was 93 Ϯ 6%, which is comparable to the viability obtained for 0.5 mg/mL BLES ϩ 0.1 mg/mL chitosan, i.e. 83 Ϯ 16%. In contrast, the viability of the cells exposed to 0.5 mg/mL BLES ϩ 50 mg/mL PEG was only 46 Ϯ 3%.
Similar to nonionic polymers, chitosan is not surface active [equilibrium surface tension 67.4 Ϯ 0.3 mJ/m 2 (n ϭ 7) at 0.05 mg/mL]. However, the underlying mechanism of chitosan to enhance surface activity of lung surfactant may differ from that of nonionic polymers. Both experimental (5, 6) and theoretical (28) studies support the notion that the nonionic polymers improve the surface activity of lipid extract surfactant by a depletion-attraction mechanism. It has been demonstrated that in a pure phospholipid vesicle system, PEG at certain molecular weights and concentrations can induce a depletion-attraction force that promotes the formation of large phospholipid aggregates (30) . Large aggregates are known to be more surface active than their smaller counterpart both in vitro (31) and in vivo (32) . Theoretical study has established that the depletion attraction force is proportional to the aggregate radius (28) . Thus, larger aggregates would experience a larger push to the interface and also deliver more surfactant to the interface.
The large phospholipid aggregates induced by chitosan in BLES (Fig. 5) occur possibly due to a mechanism different from or combined with depletion-attraction. Fang et al. (15) (16) (17) found that chitosan induces fusion of small DPPC vesicles to form large lamellar structures by facilitating a gel to liquid crystalline phase transition due to electrostatic interactions between the amine groups of chitosan and the phospholipid head groups. The pK a of the amine groups in chitosan has been reported to be around 6.3-7.5 depending on the degree of deacetylation (12, 33) . Hence, in the alveolar lining layer [pH 6.9 (34)], the amino groups of chitosan are partially positively charged and therefore may induce electrostatic binding with the anionic phospholipids. It was also reported that the binding between chitosan and anionic surfactants in acidic conditions is irreversible, i.e. after rising to neutral pH, they remain bound (35) . This minimizes the risk that chitosan 128 nonspecifically binds to other surfaces (e.g. the airway tissues) after in vivo instillation.
The present study also suggests that chitosan is more effective than PEG and HA in resisting albumin-induced inactivation. However, this beneficial effect is not due to direct interaction of chitosan and albumin. To rule out this possibility, surface tension of albumin (2.5 mg/mL) and chitosan (0.05 mg/mL) mixture was measured and found to be 50 Ϯ 1 mJ/m 2 (n ϭ 4). This surface tension is only slightly lower than the equilibrium value of albumin alone, i.e. 54 Ϯ 1 mJ/m 2 , measured in this study and reported elsewhere (2, 26) . The surface tension decrease due to the addition of chitosan may indeed indicate some nonspecific electrostatic and/or hydrophilic binding between chitosan and albumin. However, the only slight difference in equilibrium surface tension with/without chitosan also suggests that chitosan does not affect albumin adsorption significantly. In addition, observation of the albumin-chitosan mixture under the optical microscope found no flocculation or aggregation, which further rules out the possibility that direct interaction between albumin and chitosan is responsible for the reversal of surfactant inactivation.
The present adsorption study ( Fig. 1 ) supports the notion that that the water-soluble serum proteins, such as albumin, inactivate lung surfactant due to a competitive adsorption mechanism, i.e. by rapidly adsorbing to the air-water interface and hence creating a steric and/or electrostatic barrier for surfactant adsorption (6, 28) . To resist or reverse the inactivation, the phospholipid components of lung surfactant must overcome these barriers by adsorbing more rapidly than albumin and/or effectively replacing the albumin molecules at the interface. Chitosan may outperform the nonionic polymers in mitigating the electrostatic barrier imposed by albumin by providing extra positive charges, similar to the function of lung surfactant proteins (21, 36, 37) .
Despite the fact that chitosan has significantly improved the surface activity of BLES, there are reports showing that polycations inactivated lung surfactants (38, 39) , probably by disrupting the charge balance between anionic phospholipids and positively charged surfactant proteins. The deleterious effects were found to be dependent on the cationic additives/ surfactant phospholipid ratios (38, 39) . These findings are consistent with the present study using ionic polymers (i.e. chitosan and HA). For instance, addition of 2.5 mg/mL HA to 0.5 mg/mL BLES impairs adsorption; however, previous studies showed that 2.5 mg/mL HA improved the surface activity of 1.25 mg/mL therapeutic surfactants (10, 11) , i.e. at a concentration higher than the BLES concentration in the present study. Maintaining the ratio of surfactant to polymer, i.e. using a HA concentration of 1.0 mg/mL, led indeed to a restoration of rapid adsorption even in the presence of 2.5 mg/mL albumin. These results underline the importance of electrostatic interactions in the normal biophysical function of lung surfactant. Hence, it may be preferable to define an "optimal (phospholipid/polymer) ratio" for ionic polymeric additives in preclinical tests rather than an "optimal (polymer) concentration" used previously for nonionic polymers.
Overall, at the very low concentrations tested here, chitosan significantly improves the surface activity of a dilute BLES preparation and reverses the inhibitory effects of albumin. The present in vitro study hence suggests that chitosan is a promising additive to lipid extract surfactants. It will be of interest to investigate the effectiveness of chitosan with other therapeutic surfactants, as well as its efficacy in animal models.
